ABSTRACT: We employ petrographic and advanced geochemical techniques to better document the evolution of the Turpan-Hami basin based on the unique geologic histories of the arc terranes that served as potential sources of Turpan-Hami deposits. First, a provenance study of Permian through Cretaceous sandstone of the Turpan-Hami basin reveals temporal and spatial changes in dominant source terranes that provided detritus to the basin. points to the initial uplift and unroofing of the largely andesitic Bogda Shan to the north, which first shed its sedimentary cover as it emerged to become the partition between the Turpan-Hami and southern Junggar basins.
INTRODUCTION
Sandstone provenance is an important and widely appreciated means of tracing the origins of sedimentary basin fill and reconstructing the orogenic history of basin-bounding uplifts. However, detailed provenance interpretation of lithic-rich sandstone petrofacies has long proven challenging because multiple discrete source terranes often contribute grain populations that are difficult to distinguish using conventional point-counting techniques (cf. Graham et al. 1976; Dickinson 1982; Graham et al. 1993) . In a few cases this limitation has been overcome by careful petrographic subdivision of standard lithic-grain categories (e.g., Dorsey 1988; Marsaglia and Ingersoll 1992) . Nonetheless, factors such as local lithologic variation, increased sensitivity to differences in grain weathering and transport (Mack 1984) , and the increased potential for subjectivity continue to impede at-* Present address: Anadarko Petroleum Corporation, 1201 Lake Robbins Drive, The Woodlands, Texas 77380, U.S. A. tempts to erect more highly resolved petrographic classifications of lithic sandstones. A promising alternative is to combine conventional petrofacies analysis with geochemical characterization of detrital grains, thereby exploiting the unique magmatic and metamorphic histories that often characterize different sediment source areas that are otherwise similar in terms of bulk lithology. This approach, made possible by advances in mass spectrometry and related analytical techniques, has successfully established provenance linkages that could not have been demonstrated using petrographic techniques alone (Heller et al. 1985; Nelson and DePaolo 1988) .
Western China collisional successor basins present an excellent opportunity to evaluate the nature and magnitude of pre-Cenozoic intracontinental deformation, based on their stratigraphic records of sandstone provenance. The Tian Shan and related ranges consist of allochthonous continental, oceanic, and island arc terranes that were amalgamated in latest Paleozoic time (Zonenshain 1973; Coleman 1989; Sengör et al. 1993; Carroll et al. 1995; Sengör and Natalin 1996) and have since been modified by repeated episodes of intraplate deformation that culminated with the Cenozoic India-Asia collision (Fig. 1) . Sandstone provenance trends adjacent to the Tian Shan in the Junggar and Tarim basins exhibit a clear relationship to the asymmetric nature of the range: sandstone in the Tarim basin records erosion of the diverse assemblage of granitic, metamorphic, and passive-margin sedimentary rocks that make up the southern and central Tian Shan, whereas sandstone in the Junggar basin is derived dominantly from volcanic-arc rocks preserved in the northern Tian Shan (Graham et al. 1993; Carroll et al. 1995; Hendrix 2000) . In contrast, the intermontane Turpan-Hami basin is surrounded on all sides by volcanic rocks which lack sufficient lithologic contrast to enable the recognition of sediment dispersal patterns solely on the basis of petrographic analyses (Fig. 2) .
In addition, constraining when the Turpan-Hami basin became a discrete basin separate from the Junggar basin to the north still remains largely unresolved (Fig. 2) . Allen et al. (1995) proposed that the Turpan basin was one of several major depocenters created by transtensional rotation within a Late Permian-Triassic sinistral shear system. Other studies of Mesozoic depositional systems interpret an Early Jurassic age of basin partitioning (Huang et al. 1991; Allen et al. 1993; Graham et al. 1994; Cheng et al. 1996a; Cheng et al. 1996b; Wu and Zhao 1997; Qiu et al. 1997; Wartes et al. 2002; Shao et al. 2003) .
Several workers have concluded that the Turpan-Hami basin was joined with the Junggar basin during the Permian, in part on the basis of the regional distribution of Upper Permian organic-rich lacustrine mudstone (e.g., Taner et al. 1988; Carroll et al. 1990; Carroll et al. 1992; Wartes et al. 2000; Carroll and Wartes 2003) . Paleocurrent indicators, subsidence analysis, and the timing of major unconformities in the Turpan-Hami basin suggest that the Bogda Shan range that forms its northern boundary was most likely uplifted during the early to mid Mesozoic (Hendrix et al. 1992; Allen et al. 1993; Shao et al. 1999a; Shao et al. 1999b; Shao et al. 2001; Greene et al. 2001; Wartes et al. 2002) , but the potential provenance evidence bearing on this hypothesis has not been previously examined.
This paper presents a combined petrographic and geochemical study of Permian through Mesozoic strata exposed on the northern margin of the Turpan-Hami basin and is aimed at constraining the timing of initial Bogda Shan uplift. Sandstone petrography is used to document general trends in FIG. 1.-A) Location map of the study area within the Xinjiang Uygur Autonomous Region, northwestern China. Boxed area is shown in detail in Part B. B) Simplified terrane map of the study area outlining three main subdivisions discussed in text: North Tian Shan-Bogda Shan-East Junggar-West Junggar (NTS/BS/EJ/WJ), Central Tian Shan (CTS), and South Tian Shan (STS). The NTS fault and STS faults define major terrane boundaries. Numbers show locations of other granitoid studies that report either post-collisional ages or A-type chemistry: 1 ϭ Liu et al. (1998 ), 2 ϭ Wang (1996 ), 3 ϭ Xu et al. (1998 , Liu and Yuan (1995 ), 4 ϭ Gu et al. (1994 ), 5 ϭ Hu et al. (1986 , Pirajno et al. (1997 ), 6 ϭ Pirajno et al. (1997 , 7 ϭ Wen (1991), Hopson et al. (1998 Chen et al. 1985) . Fault locations are adapted from Chen et al. (1985) and Allen et al. (1993) . TS ϭ Taodongou outcrop, TG ϭ Taoxigou outcrop, KE ϭ Kekeya outcrop, ZB ϭ Zaobishan outcrop, LQ ϭ Lianmuqing outcrop, SA ϭ Sandaoling outcrop, SH ϭ Shisanjianfang outcrop, ER ϭ Aiweiergou outcrop, YI ϭ Yi-3 well, TU ϭ Tuocan-2 well, WS ϭ Wusu-1, TC2 ϭ Taican-2 well, LS1 ϭ Lingsheng-1 well, LG ϭ Ling-7 well, LE3 ϭ Le-3 well, MI ϭ Mi-1 well, DS1 ϭ Dongsheng-1 well, HT5 ϭ Hongtai-5 well, YD ϭ Yudong-1 well, AN1 ϭ Ancan-1 well, SC ϭ Shacan-1 well, HA3 ϭ Ha-3 well. Wen (1991) and Hopson et al. (1998) . See Figure 1B for sample locations. STS ϭ South Tian Shan, CTS ϭ Central Tian Shan, NTS ϭ North Tian Shan, BS ϭ Bogda Shan, EJ ϭ East Junggar. sandstone compositional evolution. Geochemical analyses of granitic clasts associated with the sandstones help distinguish between detritus shed from the Tian Shan versus the Bogda Shan, on the basis of the unique geological histories of these areas.
GEOLOGIC SETTING
The Turpan-Hami, Junggar, and Tarim basins in northwestern China are the largest repositories of Mesozoic and Cenozoic sediment unequivocally derived from the Chinese Tian Shan orogenic belt. Although detrital compositions in the Junggar and Tarim basins reflect Mesozoic unroofing of Tian Shan source rocks, comparatively little is known about sediment source areas for the intermontane Turpan-Hami basin, and when it became physiographically partitioned from the southern Junggar basin by uplift of the intervening Bogda Shan range.
First, we provide a geologic background on the Turpan-Hami basin. We then follow with brief summaries of surrounding source terranes that were available to provide detritus into the Permian-Mesozoic Turpan-Hami basin.
Turpan-Hami Basin
The Turpan-Hami basin lies in the transition between a broad region of accreted Paleozoic oceanic and subduction-related rocks of the Altaid orogenic system to the north (Sengör et al. 1993) and Precambrian continental rocks of the southern Tian Shan and Tarim basin to the south. The basin (Fig. 2) covers approximately 53,500 km 2 and boasts the second lowest land elevation on Earth (Ϫ154 m), positioned just 50 km south of the highest peaks of the Bogda Shan (ϳ 5575 m). The present boundaries of the intermontane Turpan-Hami basin are defined by the Bogda Shan and Barkol Tagh to the north, and the Chol Tagh of the Tian Shan mountain belt to the south (Fig. 2) . The basement of the Turpan-Hami basin appears to be similar to that of the Junggar basin and is composed of structurally imbricated Ordovician to Lower Carboniferous accretionary metasedimentary rocks and oceanic crustal fragments (Coleman 1989; Feng et al. 1989; Carroll et al. 1990; Carroll et al. 1995; Allen et al. 1995; see Wu 1986; Wu et al. 1992; and Xiao et al. 1992 for alternative interpretations). Continued convergence following amalgamation of these terranes, possibly combined with regional strike-slip faulting, resulted in complex patterns of Early Permian subsidence in the combined Junggar-Turpan-Hami basin (Carroll et al. 1990; Carroll et al. 1995; Allen et al. 1993; Laurent-Charvet et al. 2002; Wartes et al. 2002) . Late Permian subsidence was much more uniform across the region, resulting in widespread deposition of organicsrich profundal lake deposits Wartes et al. 2002; Carroll and Wartes 2003) . Nonmarine deposition has since persisted throughout the Mesozoic and Cenozoic.
Three major structural depressions formed as a result of Cenozoic deformation ( Fig. 2) : the Tokesun Depression in the far west, the Taibei Depression in the north, and the Tainan Depression in the south. Cenozoic uplift of the Flaming Mountains, an east-west trending southward-vergent central thrust sheet, partitioned the Taibei Depression from the Tainan Depression . The Ledong structural high in the central Turpan-Hami basin separates the western sub-basins from the Hami Depression in the east (Fig. 2) .
Bogda Shan
The Bogda Shan (and its eastern extension, the Barkol Tagh) is a 400-km-long east-west range north of the Tian Shan and is one of the southernmost elements of the Altaid system. The Bogda Shan is composed mostly of mid-Carboniferous volcanic arc rocks associated with volcaniclastic submarine deposits that include tuffs of Middle-Late Carboniferous age (Chen et al. 1985; Liao et al. 1987; Coleman 1989; Carroll et al. 1990; Carroll et al. 1995; Windley et al. 1990; Allen et al. 1992; McKnight 1997; Yin et al. 1998; Wartes et al. 2000) . Arc-related volcanism ceased by Late Carboniferous time subsequent to ocean-basin closure and final amalgamation of the Tian Shan. This was followed by basic volcanism and extension during the Early Permian, although Permian granitoid rocks have also been reported in the range (Allen et al. 1991; Allen et al. 1992; Allen et al. 1993; Gao et al. 1998; Carroll et al. 1999; Yu et al. 2000; Gu et al. 2001; Wartes et al. 2002) .
Tian Shan
The Northern Tian Shan (NTS) consists mostly of Devonian to Carboniferous volcanic-arc rocks and associated submarine volcaniclastic deposits (Allen et al. 1992) . Fragmentary ophiolites and blueschist-facies metamorphism have been interpreted to record the subduction of oceanic crust between the NTS and Central Tian Shan (CTS; Liou et al. 1989; Wang et al. 1990 ). The North Tian Shan fault, a Cenozoic feature with significant rightlateral strike-slip displacement, corresponds approximately to the inferred suture between these elements (Nelson et al. 1987; Allen et al. 1992; Laurent-Charvet et al. 2002) . In contrast, ranges to the south of the TurpanHami basin include late Paleozoic granitoids, metamorphic sequences, Precambrian basement, ophiolite fragments, and Paleozoic passive-margin sequences (Chen et al. 1985; Chen et al. 1999; Coleman 1989; Wen 1991; Allen et al. 1992; Hopson et al. 1998; Gao et al. 1999; Zhou et al. 2001) .
Most of the Southern Tian Shan (STS) is represented by Proterozoic through mid-Paleozoic shallow marine, passive-margin sequences (Proterozoic stratal thickness Ͼ 6 km) associated with the submerged continental margin of the northern Tarim block (Fig. 1B) . Most workers believe that the STS remained a ''north-facing'' (present direction) passive margin until the collision with the CTS frontal arc in the Late Devonian to Early Carboniferous (Lee 1985; Wang et al. 1990; Windley et al. 1990; Allen et al. 1992; Shi et al. 1994; Carroll et al. 1995; Zhou et al. 2001) .
Late Paleozoic Granitoid Rocks
Numerous late Paleozoic granitoid rocks intrude both the Altaids and Tian Shan. Isotope and trace-element signatures from these bodies broadly reflect large-scale differences in basement rocks related to the tectonic transition from relatively young accretionary crust of oceanic affinity in the north to older continental crust in the south. Granitoids from the east and west Junggar ranges, Bogda Shan, and North Tian Shan all show depleted magma source signatures, based on ⑀Nd i , 87 Sr/ 86 Sr i , and Pb isotopic data, and trace elements (Table 1; Wang et al. 1990; Wen 1991; Allen et al. 1992; Hopson et al. 1998) . A study of West Junggar terrane (WJ) igneous rocks reported an ⑀Nd i ϭ ϩ6 for a Carboniferous A-type granite that is interpreted as having a depleted mantle source of oceanic affinity ( Fig. 1B ; Kwon et al. 1989) . Likewise, Han et al. (1997) reported depleted mantle sources (⑀Nd i range from ϩ5.1 to ϩ6.7) for over thirty A-type granites in the northern East Junggar terrane. Allen (1990) and Wang et al. (1990) also concluded that the trace-element chemistry of Carboniferous mafic rocks in the NTS and BS region are consistent with those derived from mature island arcs. Isotope geochemical work on CTS granitoids shows transitional signatures between enriched, continental-crustal source magmas and depleted, oceanic sources (Table 1; Wen 1991; Tang and Zhao 1991; FIG. 3.-Permian through Cretaceous sandstone compositional data (n ϭ 113), means and 1 standard deviations throughout the Turpan-Hami basin plotted on A) Qm-F-Lt, B) Qp-Lvm-Lsm, and C) Qm-P-K ternary diagrams. See Table 2 for definitions of axes. Tectonic fields of Dickinson and Suczek (1979) are included for comparison. Hopson et al. 1998) . Granitoid rocks in the South Tian Shan (STS) terrane have isotopic signatures indicative of enriched, continental-crustal magmas (Table 1; Wen 1991; Gu et al. 1994) .
Using U-Pb geochronology and Sm-Nd, Rb-Sr, and Pb isotopic tracers, a study along an East Junggar (EJ)-Bogda Shan (BS)-North-Central-South Tian Shan (NTS/CTS/STS) transect successfully discriminated late Paleozoic granitoid plutons intruding each terrane (Table 1 ; Fig. 1B ; Hopson et al. 1989; Hopson et al. 1998; Wen 1991) . Wen (1991) concluded the EJ/ BS/NTS granitoids (north of Turpan-Hami) were derived mainly from oceanic-type depleted reservoirs (ϩ ⑀Nd i ), the CTS granitoids (south of Turpan-Hami) were from hybrid magmas derived from both mantle and crustal sources (Ϯ ⑀Nd i ), and the STS granitoids (south of Turpan-Hami) contained the strongest enriched, continental-crustal signature (Ϫ⑀Nd i ).
METHODS
Sampling focused on Permian and Mesozoic sandstone from outcrops and wells in the northern portion of the Turpan-Hami basin (Fig. 2) , which represent the deposits most proximal to the putative Jurassic Bogda Shan uplift. We also sampled individual granitic clasts from Lower Triassic conglomerate to evaluate grain age and geochemical signatures that can be linked to possible source areas. Granitic clasts derived from the interior of the Bogda Shan and in situ granitoid bodies in the eastern Bogda Shan (Barkol Tagh) and Tian Shan were collected from modern streams to permit direct comparison of potential source lithologies in these ranges to augment previously reported regional geochemical data.
Thin sections were prepared for 113 Permian through Cretaceous sand- 
4.-Summary of sandstone compositional trends for samples of the Taibei and Tainan depressions (n ϭ 83) in the Turpan-Hami basin. See Table 2 for definitions of parameters. Data are plotted as individual points with means and 1 standard deviation for each age group. Dashed lines connect means for each age group. Initial Bogda Shan provenance is inferred from a relative increase in sedimentary and metasedimentary lithic fragments (Lsm) at the expense of total volcanic-and metavolcaniclithic (Lvm) grains for Lower Jurassic sandstone, followed by an increase in total volcanic-and metavolcanic-lithic (Lvm) grains and mafic-intermediate volcanic-lithic (Lvm mafic) grains for Middle Jurassic sandstone. Because age control is limited to the epoch level, by grouping all samples within their respective epoch-level age groups, we ignore possible but unsubstantiated higher-frequency trends at the formation level. stone samples collected from both outcrop and core samples from across the basin (Fig. 2) and point-counted petrographically using a modified Gazzi-Dickinson method (Ingersoll et al. 1984) . Because this method does not separately tabulate granitic rock fragments, their presence in some samples was noted independently. Appendix 1 (see Acknowledgments) lists the raw point data; Appendix 2 (see Acknowledgments) lists the recalculated detrital modes that were plotted in Qm-F-Lt, Qm-P-K, and Qp-Lvm-Lsm ternary plots ( Fig. 3 ; see Table 2 for definitions of sandstone abbreviations). Common diagenetic products include alteration of feldspars (mainly sericitized), chlorite, as well as zeolite, clay, and calcite (mainly poikilotopic) cements; slides that were too diagentically altered were omitted from the data set. Age control for our sandstone samples to the epoch level is derived mainly from an independent palynological study (Abbink 1999) , as well as from published paleontologic literature (Liao et al. 1987; Cheng et al. 1996b; Wang et al. 1996) .
U-Th-Pb isotopic ratios and elemental abundance of zircon grains were analyzed at the Stanford University-U.S. Geological Survey Microisotopic Analytical Center using the Sensitive High Resolution Ion MicroProbeReverse Geometry (SHRIMP RG), following standard operating procedures (Muir et al. 1996; Ireland and Gibson 1998; DeGraaff-Surpless et al. 2002) . Separated zircon grains were mounted in epoxy and polished to expose their midsections. Grain mounts were then examined through scanning electron microscope (SEM)-cathodoluminescent imaging to detect structures correlated with zircon trace-element concentrations. Age interpretations are based on 204 Pb/ 206 Pb-corrected 206 Pb/ 238 U ratios, and they are presented as histograms and cumulative probability plots. Sm-Nd isotope results were obtained from whole-rock powdered separates run on a Finnigan MAT 261 thermal ionization mass spectrometer at the University of California at Santa Cruz (UCSC) and Los Angeles (UCLA). Nd was eluted using 0.26N HCl, followed by Sm in 0.5N HCl. Samples were spiked with a mixed 148 Nd-149 Sm spike prior to dissolution. Samples were loaded with 0.25N HCl on one side of a Re double filament, and run at temperatures of 1780-1820ЊC. These data were compared to a previously reported north-south transect through the east Junggar, Bogda Shan, and Tian Shan (Table 1 ; Hopson et al. 1989; Hopson et al. 1998; Wen 1991) .
X-ray diffraction (XRD) data were gathered at Washington State University GeoAnalytical Laboratories following the methods of Johnson et al. (1999) . ICP-MS (inductively coupled plasma source mass spectrometer) data were also obtained from Washington State University GeoAnalytical Laboratories from a Sciex Elan model 250 ICP-MS quadrupole mass spectrometer with an inductively coupled argon plasma as an ion source. Liquids introduced into the plasma (7000ЊC) were ionized and then passed to the mass spectrometer through a two-stage ion extraction interface. The detection limit is at or below chondrite levels. The instrument is run in ''multi-element'' mode, averaging 10 repeats of 0.5 second/element for a total integrated count time of 5 second/element.
Major-element and trace-element data are presented as normalized multielement (spider) diagrams that are commonly used to assess the geochemical deviation of magmas from those derived from typical mantle compositions (e.g., Pearce et al. 1984) . Our sample set includes four unweathered samples from the CTS and STS that have been previously analyzed by Wen (1991) , in addition to two eastern BS samples from this study. For comparison, we also include published data from three CTS and two STS granitoid samples from Allen et al. (1992) , as well as five WJ granitoid samples from Feng et al. (1989) and twenty-eight EJ samples from Han et al. (1997) .
RESULTS

Sandstone Composition
Most of the 113 sandstone samples in this study are litharenites (mean Qm 37 F 19 Lt 44 ). They contain a large proportion of lithic volcanic or metavolcanic grains, attesting to a dominantly volcanic or volcaniclastic provenance from the Permian through Cretaceous (Appendix 1, see Acknowledgments; Fig. 3) . A minority of the samples are feldspathic litharenites in which plagioclase is the dominant feldspar. Despite the general similarity in sandstone composition in all of the samples, subtle but distinct changes in provenance through time are distinguishable. The trends in frameworkgrain composition discussed below are derived from a subset of 83 samples collected from the central part of the basin in the Taibei and Tainan depressions (Fig. 2) . Although we have samples throughout the Turpan-Hami basin, we chose this subset of samples purely on the basis of their geographic location within the main depocenters of the basin. Because we are looking for temporal trends that reflect the dominant regional source terrane, this discounts any samples outside of the main depositional fairways that may have a more local anomalous source.
Quartz and Feldspar Grains.-Quartzose grain types increase steadily upward from Lower Permian through Middle-Upper Triassic (combined) samples (Fig. 4) , balanced by a concurrent decrease in lithic grains. Quartzose grains then remain relatively constant through the Cretaceous section. Clear, inclusion-free grains, and embayment textures suggestive of a volcanic origin, are most common in monocrystalline quartz (Qm) in Permian sandstone. Otherwise, strained and undulatory monocrystalline quartz grains are prevalent. The sum of all quartzose grain types displays a slightly more pronounced increase through the Middle-Upper Triassic, because of a slight increase in the abundance of polycrystalline quartz grains (Qp). Further evidence for increasing exposure of felsic plutonic rocks from the Triassic onward is provided by the appearance of large microcline grains (Fig. 5A ), which increase in abundance through Middle Jurassic samples. Grains with distinctive intergrowth textures of quartz and feldspar such as myrmekite and granophryric textures appear in Lower and Middle Jurassic sandstone (Fig. 5B) . The relative amount of plagioclase to total feldspar (P/F) is high in Permian and Lower Triassic sandstone, and decreases in Middle-Upper Triassic and Lower Jurassic sandstone (Fig. 4) .
Lithic Grains.-The relative percentage of various lithic grain types show the most dramatic changes through time (Fig. 4) . Although lithic volcanic ϩ metavolcanic (Lvm; Fig. 5E (Fig. 5C, D) . Metamorphic grains (Lm) consist of tectonized polycrystalline metaquartz, schistose quartz-mica aggregates, sheared quartz, and rare muscovite schist grains (Fig. 5F ). Mafic volcanic (Lvm) grains are dominant in most of the samples in the study, except in Lower Permian and Lower Jurassic sandstone, where felsic volcanic grains are more abundant (Fig. 5G, H) .
In addition to the recycling of older sedimentary and metamorphic rocks, Lower and Middle Jurassic sandstone samples also record continued input of first-cycle detritus derived from felsic plutonic sources. Granitic rock fragments remain abundant, and detrital mica grains (both muscovite and biotite) are especially common in Middle Jurassic samples. Collectively these observations suggest a mixed provenance for Jurassic sandstone, marked by continued unroofing of plutonic rocks and simultaneous reworking of earlier deposited strata (Fig. 4) .
Granitoid Geochemical Data
Distinctive pink granitoid cobbles compose up to 32% of the clasts in a Lower Triassic gravel-bed braided-fluvial conglomeratic deposit at the Zaobishan locality in north-central Turpan-Hami (Figs. 1B, 2 ; see measured section 4D of Greene et al. 2001 for a complete facies description). The cobbles commonly mantle trough cross-sets in the conglomerate. These foresets provided good surfaces for measuring north-to northeast-directed paleocurrent indicators (i.e., toward the interior of the present Bogda Shan). The granitoid cobbles can be characterized as S-type, strongly peraluminous, trondhjmites with megacrystic K-feldspar and microcline, as well as hypabyssal aplitic dike lithologies (Fig. 6) .
In order to compare the geochronology and geochemistry of the cobbles to previously characterized granitoid source rocks to determine their provenance, we first present geochronological data of the cobbles, as well as data from two in situ granitoid rocks from the Barkol Tagh range (Fig.  1B) . We then present trace-element data for the cobbles, as well as for select granitoid samples from the Tian Shan (NTS, CTS, and STS), Bogda Shan (BS), and East and West Junggar (EJ and WJ) terranes, which aid in both supporting a CTS provenance for the cobbles as well as ruling out a BS source. We then follow with Sm-Nd isotopic data from both the cobbles and the Bogda Shan granitoid samples to see how they compare to the previously established petrogenetic model for granitoid rocks throughout NW China.
U-Pb Geochronology.-Ten different granitoid cobbles make up the Zaobishan cobble sample (96-ZB-403: 43Њ 15Ј N, 90Њ25Ј E). The dominant age is around 365 Ma, with scattered ages both younger and older than the main peak (two subordinate populations at ca. 335 Ma and ca. 395 Ma; Appendix 3, see Acknowledgements). We interpret an Early DevonianEarly Carboniferous magmatic age range for the cobbles (Fig. 7A ). This age range is consistent with many reported ages for plutons in the Central Tian Shan, which are generally interpreted as subduction-related granitoid emplaced prior to the closure of adjacent ocean basins (Zhang et al. 1984; Chen et al. 1985; Zhu and Sun 1986; Wang et al. 1990; Wen 1991; Shi et al. 1994; Jia 1996; Gao et al. 1998; Zhou et al. 2001) .
In contrast, granitoid plutons in the Bogda Shan and Barkol Tagh appear to be generally younger than those in the Central Tian Shan. Two eastern Bogda Shan in situ granitoids were also analyzed by SHRIMP methods (Appendix 3, see Acknowledgments). Sample 98-TS-2A is an A-type, peraluminous, high-K, alkaline granite (43Њ 10Ј N, 93Њ 57Ј E). Fifteen of seventeen analyses form a bimodal distribution with the main peak at ca. 250 Ma and a subordinate peak at 230 Ma (Fig. 7B) . Nine analyses form a satisfactory weighted mean at 253 Ϯ 3 Ma (2; MSWD ϭ 1.87) and five analyses form the younger peak at 229 Ϯ 11 Ma (2; MSWD ϭ 0.32). However, ages go as low as 218 Ma and as high as 271 Ma, and the MSWD for the combined data is greater than 3, indicating scatter beyond analytical uncertainty. Although a statistically valid age date could (Jacobsen and Wasserburg 1980) and 143 Nd/ 144 Nd ϭ 0.512638 (Goldstein et al. 1984) .
not be detected for this sample, none of the derived age dates fall within the age range of the cobbles. 98-TS-14 is another eastern Bogda Shan peraluminous, high-K, alkaline granite (43Њ 05Ј N, 93Њ 42Ј E); zircon grains commonly show metamict textures consistent with very high U and Th concentrations (Appendix 3, see Acknowledgments). The fourteen analyses between 291 and 361 Ma form a polymodal distribution with the major peaks at ca. 315 Ma and 330 Ma (Fig. 7C) . However, the most coherent grouping of the data contains only seven grains with a weighted average of 320 Ϯ 7 Ma and a MSWD of 3.9, again indicating scatter beyond analytical uncertainties. The high U contents of these grains and their resultant metamict state may be a causal factor for this scatter. Age dates from 98-TS-14 are only weakly represented in the age-range distribution of the cobbles, and only 1 of 14 grains has a U concentration low enough that it falls into the range seen for the cobbles. In spite of the fact that no statistically significant age dates could be derived for either the Bogda Shan samples, it appears very unlikely that they are represented in the cobble data.
The Late Permian-Middle Triassic age of Sample 98-TS-2A is considerably younger than most U-Pb ages reported for rocks associated with late Paleozoic subduction-related magmatism in the Tian Shan and Bogda Shan. (The only two reports that come close to this age are an ϳ 248 Ma age for a South Tian Shan granite studied by Hu et al. 1986 , and a 261 Ma age for a Central Tian Shan granitoid reported by Hopson et al. 1989 ; however, the latter age is no longer considered valid, because of improper methods; C. Hopson, personal communication, 2000.) At 318 Ma, sample 98-TS-14 overlaps the range of ages reported from the Central Tian Shan (Zhang et al. 1984; Chen et al. 1985; Zhu and Sun 1986; Wang et al. 1990; Wen 1991; Shi et al. 1994; Jia 1996; Gao et al. 1998; Zhou et al. 2001) but is still too young to match the Lower Triassic cobbles collected for this study. Although these limited age data do not exclude an undiscovered source for the cobbles in the Bogda Shan, they are more consistent with a source in the Central Tian Shan.
Major Elements and Trace Elements.-In both (Y ϩ Nb)-Rb and YNb plots, the cobbles correlate best with the CTS and STS samples in the ''volcanic-arc'' tectonic field, whereas the two eastern BS samples and twenty-eight EJ samples plot in the ''within-plate'' field ( Fig. 8 ; Appendix 4, see Acknowledgments). With one exception, WJ samples span both ''within-plate'' and ''ocean-ridge'' granite fields of Pearce et al. (1984) . The lower Rb value for the cobbles probably reflects weathering and/or diagenetic effects (Rollinson 1993) . Regardless of the interpretation of the tectonic setting, however, it is clear the granitoid cobbles are not genetically related to the eastern BS, EJ, or WJ granitoid rocks. Besides the trace elements plotted in Figure 8 , the cobbles are also enriched in Ba and depleted in Yb relative to the BS, EJ, and WJ granitoid rocks (Appendix 4; see Acknowledgments). Pearce et al. (1984) pointed out that both of these elements are good discriminators between ''within-plate'' granites (low Ba, high Yb) and ''volcanic-arc'' granites (high Ba, low Yb).
For both the MORB-normalized plot and the REE plot (REE normalized to primitive mantle), the cobbles match well with the CTS and STS granitoid rocks, which all show similar patterns to the UCC curve (Fig. 9) . However, in the MORB-normalized plot, the cobbles are relatively depleted in the more mobile elements (K 2 O and Rb). This is probably due to weathering and/or diagenesis in the depositional setting (Rollinson 1993) . In the REE plot, the slight Eu negative anomaly is indicative of felsic magmas (Rollinson 1993) . Lastly, the strongly depleted heavy REE (HREE) pattern for one of the CTS granite samples (TS-79-1) could be due to the presence of garnet in the residual melt ( Fig. 9B; Rollinson 1993) .
Sm-Nd Isotopes.-We obtained Sm-Nd isotopic data on the granitic cobbles, as well as the Bogda Shan granitoid samples (Table 3 ). Our data indicate that the geochemistry of the cobbles (sample 96-ZB-403) correlates well with the previously established hybrid CTS signature (average ⑀Nd i ϭ Ϫ0.5; n ϭ 6), whereas the two granite samples from the eastern BS terrane correlate with the oceanic WJ/EJ/BS/NTS terrane group (⑀Nd i ϭ ϩ4.55 and ϩ3.03). In addition, Kwon et al. (1989) reported depleted values (ϩ6 ⑀Nd i ) for a West Junggar (WJ) Middle Carboniferous granite, and Han et al. (1997) reported depleted ⑀Ndi values ranging from ϩ5.1 to ϩ6.7 for over thirty Carboniferous and Late Permian East Junggar (EJ) plutons. (Table 3) . See text for explanation of data and Figure 2 for sample locations. Cumulative probabilities were calculated by assigning each datum a unit area gaussian whose width is a function of datum's error. These individual gaussians sum over 1 Ma bin interval to form a resultant probability density curve. See Appendix 3 for numerical data (see Acknowledgments).
DISCUSSION
Texturally and compositionally immature Mesozoic sandstone of the Turpan-Hami basin is ideally suited for documenting uplift and unroofing of adjacent terranes. There are few indications that Turpan-Hami sandstones represent multi-cycle deposits; unstable grains constitute the majority of the total framework grains in most sandstone samples. This is consistent with a tectonically active basin setting located close to possible source terranes in the Tian Shan and Bogda Shan, where paleo-slopes were probably steep and burial rates were sufficiently rapid to mitigate chemical weathering effects (Stallard 1985 (Stallard , 1988 Retallack 1990; Devaney and Ingersoll 1993; Ridgway and DeCelles 1993; Shao et al. 1999a ). Further, intermediate Mesozoic paleo-latitudes (e.g., 43Њ N; Enkin et al. 1992; Cogné et al. 1995) argue against intense weathering conditions typical of equatorial latitudes.
A wealth of published petrographic studies documenting sandstone provenance in arc-related settings facilitate study of Turpan-Hami basin sandstone. Although global studies of modern arc-derived sandstone indicate that model compositions of sandstones generally tend to resemble one another (Dickinson 1982) , advances have been made through detailed examination and subdivision of the lithic fraction of arc sandstones (Marsaglia 1992; Marsaglia and Ingersoll 1992) . Nevertheless, significant ambiguities remain, particularly when dealing with amalgamated arcs in a complex orogenic collage. Graham et al. (1993) noted that the provenance of sand deposited in complex and long-lived orogenic areas such as northwestern China often does not reflect its true plate-tectonic setting at the time of deposition. Rather, provenance signatures in such settings tend to be ''inherited'' from earlier periods and are related to processes that were active prior to or during continental amalgamation. The strongly lithic-volcanic character of Permian through Mesozoic sandstone in the Turpan-Hami basin therefore reflects the preservation of extinct mid-Paleozoic arc terranes in the Bogda Shan and Tian Shan, rather than the true Mesozoic setting of this basin as a collisional successor (Graham et al. 1993) . Because the Tian Shan incorporates sutured blocks of various crustal affinities, derivative post-collisional sandstone compositions inevitably have mixed provenance signatures that do not necessarily reflect the tectonic setting at the time of deposition. Consequently, any attempt to use sandstone modal compositions to define a Mesozoic (i.e., post-collisional) paleo-tectonic model must be viewed with caution (Fig. 3) . We therefore interpret changes in TurpanHami sandstone compositional data in terms of temporal and spatial changes in source terranes, rather than inferring changes in tectonic setting.
Despite these difficulties, distinct temporal trends are apparent from sandstone framework grains. Lower Permian sandstone rich in felsic volcanic grains most likely reflects initial erosion of isolated late Paleozoic rhyolitic caldera tuffs reported in the NTS and BS terranes that were inferred to be a part of the late Paleozoic island-arc volcanic belt (Norin 1941; Wen 1991; Allen et al. 1992) . A pronounced change in Upper Permian sandstone compositions show a dominance of volcanic lithic grains that were eroded and transported ''northward'' (present direction) from the extinct Devonian-Carboniferous NTS and CTS arc terranes (Figs. 1B, 4) . Wartes et al. (2002) noted a basinwide unconformity as well as a major FIG. 8 .-Trace-element discrimination diagram for granitoid rocks used by Pearce et al. (1984) to interpret tectonic setting: A) Rb vs. Nb ϩ Y plot and B) Nb vs. Y plot. Samples from this study include representative cobbles from Zaobishan (96-ZB-403), two eastern Bogda Shan (BS) samples, and two samples each from the Central Tian Shan (CTS) and South Tian Shan (STS) terranes. CTS and STS samples were analyzed previously by Wen (1991) ; see Appendix 4 (see Acknowledgments) for major-element and trace-element values. Symbols and sample locations are the same as in Figure 1B . For comparison, we include published data from three CTS and two STS granites from Allen et al. (1992) , five West Junggar (WJ) granites from Feng et al. (1989) , and twenty-eight East Junggar (EJ) granites from Han et al. (1997). change in depositional styles at the Lower Permian-Upper Permian boundary. They interpreted a change from extension-dominated Early Permian tectonics associated with partitioning of subbasins by normal faulting to more integrated sedimentary basin deposition during Late Permian flexural, foreland-basin-style subsidence.
A shift to more quartzose compositions and felsic plutonic grains in Triassic sandstone suggests progressive unroofing of Tian Shan volcanic cover and exposure of granitoid plutons, whose detritus were shed northward into the Turpan-Hami basin (Fig. 4) . Shao et al. (1999a; Shao et al. 2001) , using a different data set, documented the same trend for both monocrystalline quartz and SiO 2 content, and they suggested that this trend continues stratigraphically upward into Tertiary sandstone units. A Central Tian Shan source of Lower Triassic detritus is also supported by the U-Pb age of granitic cobbles examined in this study (Fig. 7) , and by their geochemical affinity with plutons within the Central and Southern Tian Shan (Figs. 8, 9 ). Further support is provided by previously reported paleocurrent data and conglomerate clast counts ( Fig. 10 ; Greene et al. 2001) . We infer that Lower Triassic strata in this study originally represented a blanket of alluvial detritus that spread northeastward from a paleo-Tian Shan range, and that no significant topographic obstacles impeded its dispersal across the present area of the Bogda Shan. Since that time, the right-lateral North Tian Shan Fault has offset the bulk of Central Tian Shan granites west of the Turpan-Hami basin (Fig. 10) .
We interpret the abrupt changes in sandstone composition in Lower Jurassic strata to mark initial uplift and erosion of a paleo-Bogda Shan range, which partitioned the Turpan-Hami basin from the previously contiguous southern Junggar basin ( Fig. 4 ; Hendrix et al. 1992; Shao et al. 1999a; Greene et al. 2001) . The first rocks to be stripped from the axis of the newly established uplift were the Permian-Triassic clastic sedimentary deposits that had been shed from the Tian Shan, resulting in a sudden increase in sedimentary and metasedimentary lithic grains in Lower Jurassic sandstone samples. A regional Triassic-Jurassic angular unconformity developed in the Turpan-Hami basin (Greene et al. 2001) , and Jurassic paleocurrent data from the northern Turpan and southern Junggar basins document sediment transport away from the Bogda Shan (Hendrix et al. 1992; Greene et al. 2001; see Shao et al. 2001 for an alternative scenario). It also is possible that propagation of thrust sheets into the Turpan-Hami basin contributed to the reworking of older basin fill, but no such structures have been documented.
A mixed provenance for Turpan-Hami detritus is apparent from the Lower Jurassic onward. Abundant felsic plutonic grains, metamorphic grains, and detrital muscovite grains are consistent with an upper-continental-crustal source similar to the CTS and STS terranes to the south of Turpan-Hami, and/or schistose rocks in areas close to the NTS fault or STS fault zones (Wen 1991; Allen et al. 1992) . Conversely, increases in plagioclase/total feldspar, total volcanic grains, and mafic volcanic grains record input from the predominantly andesitic Bogda Shan to the north of Turpan-Hami (cf. Graham et al. 1993) . Gradual decreases in sedimentary and metasedimentary lithic fragments and detrital mica going up section into Cretaceous deposits suggests the increasing influence of the rising Bogda Shan, due to increased input of volcanic detritus. Unfortunately, sandstone compositional data from the north side of the Bogda Shan in the southern Junggar basin are too sparse to make meaningful comparisons to the trends documented in this study. However, a report on Lower Jurassic sandstone in the vicinity of the Bogda Shan appears to mirror the sedimentary and metasedimentary lithic fragments increase evident in TurpanHami. A study in the Toutunhe area of the southern Junggar basin, just west of the Bogda Shan (Fig. 1B) , reported abundant sedimentary lithic grains and mudstone fragments in Lower Jurassic sandstone and conglomerate (Schneider et al. 1992) .
Temporal changes in sandstone composition may in part be due to intense chemical weathering in humid climates. First-cycle sand deposited and transported in humid climates may result in depleted feldspar and rock fragments and enrichment of quartz (Basu 1976; Suttner and Dutta 1986; Johnsson et al. 1988) . In northwestern China, a megamonsoonal circulation system prevailed in the early Mesozoic and ended abruptly in Late Jurassic time. This is supported by global climate models (Parrish 1985 (Parrish , 1993 , palynological assemblages (Vakhrameyev 1982) , and ubiquitous Upper Jurassic red beds overlying organic-rich Lower and Middle Jurassic deposits throughout northwestern China (Hendrix et al. 1992; Greene et al. 2001; Ritts and Biffi 2000) . However, climate appears to have had little effect on sandstone composition between Middle Jurassic and Late Jurassic samples for this study (Fig. 4) ; total quartzose grains, total feldspars, and mono- McDonough et al. 1991) . Typical mantle compositions are represented by a straight horizontal line at the value of 1. For comparison, we include published data from three CTS and two STS granites from Allen et al. (1992) for Part A; REE values are not available from Allen et al. (1992) . To emphasize similarity of the cobbles and the CTS/STS granitoids with uppercontinental-crust (UCC) signatures, we include a typical UCC pattern from Taylor and McClennan (1985) . See text for a more detailed discussion of UCC patterns.
crystalline quartz stay relatively constant through this transition. Hendrix (2000) also concluded that climate had little effect on sandstone composition for samples in the northern Tarim and southern Junggar depocenters despite postulated rain-shadow effects and changes in megamonsoonal circulation systems.
Basin-scale patterns of stratal thickness reinforce an Early Jurassic origin of the Turpan-Hami basin as a distinct entity. A major Lower Jurassic depocenter in western Turpan-Hami (the Tokesun Depression) shifted to the north-central part of the basin (the Taibei Depression) just south of the present day Bogda Shan during the Middle Jurassic, producing the thickest A large Late Permian lacustrine system spanned most of the basin, with sediment dispersal directed northward off of the extinct volcanic-arc terranes. During this time, the Bogda Shan had not been uplifted (its present-day position is outlined). B) During Triassic time, coarse-clastic deposition dominated with generally northwarddirected sediment dispersal pathways. Dissection of the Tian Shan fold-thrust belt unroofed Central Tian Shan granitoid rocks, providing granitic detritus to the basin (e.g., cobbles at Zaobishan). C) By Early Jurassic time, uplift of the Bogda Shan led to the southward dispersal of sedimentary lithic-rich sands into the partitioned Turpan-Hami basin (outlines of Jurassic deposits are from Qiu et al. 1997) . D) By Middle Jurassic time, subsidence was greatest south of the uplifted Bogda Shan, where volcanic-rich sands were shed into the thick Jurassic accumulations of the Taibei and Tokesun depressions.
Mesozoic sedimentary succession in the basin . These results are consistent with a similar history in the southern Junggar basin, which has been ascribed to flexural subsidence caused by tectonic shortening in the Bogda Shan and Tian Shan (Hendrix et al. 1992) .
CONCLUSIONS
Basins such as the Turpan-Hami are common throughout Asia, and they contain a unique detrital record of intraplate deformation within complex composite continents. A combination of traditional petrographic approaches with trace-element and isotopic geochemistry is highly effective for elucidating the true context of such basins, where provenance changes tend to be relatively subtle because of the lithologic heritage of earlier plate-tectonic histories (cf. Graham et al. 1993 ). In the case of the Turpan-Hami basin, recognition of U-Pb age, ⑀Nd i , and trace-element linkages between specific source-terrane lithologies and Triassic clasts helps to identify the unique contribution of Tian Shan-derived detritus, which is thus distinguishable from the erosional products of initial Early Jurassic uplift of the Bogda Shan. The conclusions of this study support previous models for a Jurassic inception of the Turpan-Hami basin that were based on paleocurrent, sedimentary facies, and other stratigraphic evidence (Hendrix et al. 1992; Greene et al. 2001; Wartes et al. 2002) . The integrated petrographic and geochemical approach to provenance analysis employed in this study offers great promise for refining histories of other collisional successor basins in Asia and other complicated orogenic settings. 
